The Cu 2 O nanoparticles having average crystallite diameters ϳ8 -16 nm were synthesized by a simple solvothermal method. The Mn was doped in the Cu 2 O sample of crystallite size ϳ8 nm. The effects of the size and doping concentration on the crystal structures of the nanoparticles were investigated. The x-ray photoelectron spectroscopy studies clearly showed that the Mn was incorporated into the Cu 2 O lattice as Mn 2+ due to the substitution of the Cu + ions by Mn 2+ ions. The quantum confinement effects were observed in the nanoparticles. The multiple emissions from the Cu 2 O were quenched in the Mn doped nanoparticles and only blue light emitting Cu 2 O nanoparticles were obtained due to the transition 4 T 2 → 6 A 1 of Mn. The effects of the doping concentration and the particle size on the relaxations dynamics of the Cu 2 O nanoparticles were mainly investigated using photoluminescence decay.
I. INTRODUCTION
Copper ͑I͒ oxide ͑Cu 2 O͒ has the promising applications in solar energy conversion and catalysis. [1] [2] [3] [4] [5] It is a prospective candidate for low-cost photovoltaic applications due to its high optical absorption coefficient, lower band gap energy ͑2.17 eV͒, and for low cost, nontoxic, and large natural abundance of the base material copper. Further opportunities in catalysis could be realized through the stabilization of specific phases of copper oxide. Therefore, it is of fundamental interest to prepare phase pure copper oxide nanocrystals to examine their crystal structure and characterize their optical properties. An investigation and understanding of size effects in such a system is also of interest due to the possibility of tuning its optoelectronic properties. It is also an ideal compound using as a dilute magnetic semiconductor ͑DMS͒ with high T c . 6 As well as being a candidate for the basis of a DMS, it has potential for use in p-n junctions and spin-lightemitting diodes ͑LEDs͒. Cu 2 O has a cubic structure with a = 4.269 Å, 7 and its p-type conductivity arises from copper vacancies which introduce an acceptor level 0.4 eV above the valence band ͑VB͒. 8 Bulk cuprous oxide ͑Cu 2 O͒ has direct forbidden bandgap of 2.17 eV. 9 The lowest of the conduction band ͑CB͒ and the top of the VB have the same parity, so that electric dipole transition between them is forbidden. 10 Quantum size effects on the optical properties of this type of direct band gap semiconductors are phenomenologically different from that of indirect band gap semiconductors. Therefore the optical properties of Cu 2 O are complex as well as interesting. Cu 2 O has large excitonic binding energy of about 140 meV. The crystalline Cu 2 O with nanoscale dimensions could be anticipated to have spatially confined excitons and thereby increase their concentration. The large excitonic binding energy offers the possibilities to observe excitonic features in the absorption and luminescence spectrum. 11, 12 Such unique electronic structures of Cu 2 O spur a growing amount of interest in its crystalline nanostructures. Cubic crystalline structure and the electronic properties of Cu 2 O stimulated many researchers to study optical and electronic properties in different shapes and sizes. [13] [14] [15] The study of semiconductor nanoparticles or quantum dots is a major field of research in condensed matter physics. Particularly interesting are the quantum size effects on the optical properties of the semiconductor nanoparticles. 16, 17 Moreover the doping of the semiconductor nanoparticles with transition metal ions has been the subject of research in recent years to find out the potential applications in photonic field. 18, 19 The engineering of band gap and influencing physical, chemical, and electronic properties of the semiconductors are possible by the use of the right dopants. Norman et al. 20 showed the tuning of the emission energy of Mn doped change dramatically and the solvent behaves much differently from that expected at the normal conditions. Consequently, the solubility, diffusion process, and the chemical reactivity of the reactants are greatly enhanced.
In the present work, we have synthesized phase pure Cu 2 O nanoparticles by a simple solvothermal method and studied the effects of the particle size and Mn doping on the optical properties of the Cu 2 O nanoparticles. Excellent engineering of the luminescence properties has been done by the Mn doping. We have investigated the crystalline quality of the undoped and Mn doped nanoparticles using WilliamsonHall equation. From x-ray photoelectron spectroscopy ͑XPS͒ studies the valance states of the Cu and Mn have been found.
II. EXPERIMENT
All the chemical reagents used in this experiment were analytical grade and were used without further purification. In a typical procedure, 1.27 g of cupric acetate monohydrate ͑CuAc 2 ͒ was mixed with 48 ml ethanol ͑EtOH͒ under constant magnetic stirring for 1 h to prepare a homogeneous solution, then 0.0845 g of dextrose was added to the solution. After 1h constant magnetic stirring, the greenish solution gradually turned to the bluish green. The homogeneous solution was then transferred to a Teflon-lined stainless steel autoclave with 60 mL capacity and heat treated at different temperatures 140-180°C for 2 h and the samples were denoted by CP3, CP2, and CP1 respectively ͑Table I͒. Likewise to study the effects of the Mn doping on the crystal quality and optical properties of the Cu 2 O nanostructures, manganese acetate ͓MnAc 2 ,4H 2 O͔, was mixed in the above experimental solution and the solution was finally heat treated at 140°C for 2 h. The products obtained were named as LMnCP3, MMnCP3, and HMnCP3 with different Mn concentrations of 1%, 3%, and 5% respectively ͑Table I͒. For all the above cases, the autoclave chambers were air cooled to room temperature after the reactions. The resulting precipitates were recovered by centrifugation and washed several times with distilled water, and the precipitates were finally vacuum dried for 4 h.
The crystalline phases of the products were determined by x-ray powder diffraction by using a Seifert 3000P diffractometer with Cu K␣ radiation ͑ = 1.54 Å͒. Microstructural properties were obtained using transmission electron microscope ͑TEM͒ ͑JEOL 2010͒. For the TEM observations, the powders were dispersed in 2-propanol and ultrasonicated for 15 min. A few drops of this ultrasonicated solution were taken on a carbon coated copper grid. Compositional analysis was performed by energy dispersive x-ray analysis ͑EDAX͒ ͑Kevex, Delta Class I͒ attached with the fieldemission scanning electron microscope. To analyze the valance states of the constituents of the undoped and Mn doped Cu 2 O, x-ray photoelectron spectroscopy ͑XPS͒ was recorded with a Perkin Elmer PHI 1257 spectrometer using a dual anode ͑Al/Mg͒ x-ray source. Optical absorbance of the samples was recorded via a UV-vis spectrophotometer ͑Shi-madzu, UV-2450͒. The steady-state photoluminescence ͑PL͒ measurements were carried out at room temperature with a Fluorescence spectrometer ͑Hitachi, F-2500͒ using excitation wavelength 340 nm.
The luminescence decay curves were obtained by time correlated single-photon counting ͑TCSPC͒ ͑HORIBA JOBIN YVON IBH͒ via time-to-amplitude conversion. The samples were excited at the wavelength using LED ͑HORIBA JOBIN YVON IBH Nanoled-340͒ at a repetition rate of 1 MHz. The experimental time-resolved luminescence intensity decays I͑t͒ have been analyzed by following multiexponential model:
where n is the number of discrete emissive species, b is a baseline correction ͑dc offset͒, and ␣ i and i are the preexponential factors and excited-state luminescence decay times associated with the ith component, respectively. ͚␣ i is normalized to unity. The average decay time, ͗͘ was calculated from 
The fractional contribution f i of each decay component was estimated by the relation
where ͚f i is normalized to unity.
III. RESULTS AND DISCUSSIONS
X-ray diffraction ͑XRD͒ study was used to identify the phases and also estimate the sizes of the nanocrystallites. The XRD patterns of the three samples CP1-CP3 shown in Fig.  1͑a͒ reveal that all the peaks correspond to the reflections from ͑110͒, ͑111͒, ͑200͒, ͑220͒, and ͑311͒ planes of cubic cuprous oxide ͑Cu 2 O͒, which are consistent with the standard reported values. 24 Other impurities such as CuO and Cu are not found from the XRD spectra of the samples. The Williamson-Hall equation is used to calculate the crystallite size and microstrain for all the samples from XRD spectra. 25 The Williamson-Hall equation is expressed as follows:
where B is the full width at half maximum of the all XRD peaks, D is the crystallite size, the x-ray wavelength, the Bragg diffraction angle and the microstrain of lattice. In this method, B cos is plotted against 2 sin for all the samples shown in Fig. 1͑b͒ . Using a linear extrapolation to this plot, the intercept gives the crystallite size 0.89 / D and the slope gives the micro strain . Here as the reaction temperatures were varied from 140-180°C, the average sizes of the crystallites calculated were varied from 8.35 ͑Ϯ0.83͒ -16.36 ͑Ϯ0.23͒ nm shown in the Table I . It is clear from the literature that decreasing the crystallite size is associated with the increase in the dislocation densities, which introduces some micro strain in the lattice. 26 Average micro strain is also calculated from Williamson-Hall equation, shown in Table I , which indicates that the micro strain is maximum for the sample CP3 ͑crystallite size ϳ8. 
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shown in Table I , indicate that the distortion of the lattice is more prominent in the smallest crystallite.
Mn doping in the sample CP3 ͑crystallite size 8.35 nm͒ produces more strain and lattice distortion in the crystal. The representative XRD pattern of the highest Mn doped sample HMnCP3 shown in Fig. 1͑c͒ indicates the formation of pure phase Cu 2 O without any impurities like CuO, Cu, and manganese oxide. The crystallite size and the microstrain were also calculated for all the doped samples LMnCP3-HMnCP3 using Williamson-Hall equation shown in the Table I . One representative plot of the Williamson-Hall equation, i.e., B cos versus 2 sin for the highest doped sample HMnCP3 is shown in Fig. 1͑d͒ . The lattice parameter a and d-spacing ͑d 111 ͒ values of all the doped samples were also calculated using POWD ͑Table I͒. From Table I , it is noted that the lattice parameter, d-spacing, and crystallite size were increased with increasing Mn concentration. The expansion of the lattice parameter and consequently the crystallite size of the doped samples with the Mn concentration may be explained by the substitutional incorporation of Mn into Cu sublattice, since Mn 2+ for fourfold coordination with the high-spin state has a bigger effective ionic radius ϳ0.66 Å than that of Cu + ϳ 0.46 Å for twofold coordination. 28 The TEM image of the sample CP3 is shown in Fig.  2͑a͒ . The inset of the figure shows the HRTEM image of a nanoparticle, which indicates 0.26 nm spacing between two adjacent lattice planes of a nanoparticle corresponding to the ͑111͒ lattice planes of Cu 2 O. Figure 2͑b͒ represents the histogram plot for the particle diameter distribution corresponding to Fig. 2͑a͒ . The Gaussian fitting of the plot gives the average diameter of the nanoparticles ϳ5.2 nm. 29 For all other samples the average diameters of the nanoparticles were also calculated from the TEM images and histogram plots. The calculated diameters of the nanoparticles from the TEM images are well matched with the estimated sizes of the nanocrystallites from the XRD spectra.
The compositional analysis of the doped samples was carried out by EDAX. Figure 2͑c͒ shows the one representative EDAX spectrum of the highest Mn doped sample HMnCP3. The concentrations of Mn in the samples LMnCP3, MMnCP3, and HMnCP3 found from EDAX measurements were 0.3%, 1.5%, and 2.6%, respectively. The content of Mn in Cu 2 O is within the limit of highest concentration of 3% in the formation of single phase. Figure 3͑a͒ gives the XPS spectra of the core levels of Cu 2p 3 17 This CuO may result from the oxidation of Cu 2 O on the surface. The highest doped sample HMnCP3 shown in the Fig. 3͑a͒ also gives the similar XPS spectrum of the core 33 Thus it may be concluded that the Mn was doped in the Cu 2 O nanoparticles in the form of Mn 2+ . To study the variations of the photophysical properties of the nanoparticles with size and doping concentration, the steady-state PL and PL decays of the all undoped and doped samples were measured at room temperature. Figure 4͑a͒ shows the PL spectra of the nanoparticles CP1, CP2, and CP3 recorded with excitation wavelength 340 nm. One violet and two blue emission peaks around 421 nm ͑2.94 eV͒, 440 nm ͑2.81 eV͒, and 469 nm ͑2.64 eV͒ are found for the sample CP1 having crystallite diameter ϳ16 nm. These emissions are expected due to the excitonic transitions from the different sub levels of the CB to the Cu d-shells of the VBs, 8, 34 which will be discussed later using schematic band diagram. All the peaks were blue shifted with decreasing the size of the nanoparticles, indicating the quantum confinement effect of the excitonic transition expected for Cu 2 O nanoparticles. 17 It was found from the literature that the quantum confinement threshold of Cu 2 O nanocrystals was 14 nm. 13 Thus the quantum confinement effect was observed for the samples CP2 and CP3 having sizes ϳ8 -11 nm. The well-known series of yellow excitonic emissions of the Cu 2 O are also observed between 600 and 700 nm for all the nanoparticles. Figure 4͑b͒ shows the room temperature PL spectra of the all doped samples. The emission peaks of the undoped sample CP3 were red shifted in the doped samples. This phenomenon has been explained as mainly due to pd-d exchange interactions between the band electrons of Cu 2 O and the localized d electrons of the Mn 2+ ions substituting metal ions Cu + . The p-d and d-d exchange interactions give rise to a lowering of CB energy and upward shifting of VB edge leading to lowering the emission energies. 35, 36 Moreover the intensities of the emissions around 428 and 447 nm for the lowest doped sample LMnCP3 were decreased with increasing Mn concentration and ultimately quenched in the highest doped sample HMnCP3. The emission around 482 nm ͑2.57 eV͒ becomes more pronounced with doping. The incorporation of Mn in the Cu 2 O lattice gives splitted Mn d bands. The emission around 2.57 eV may be due to the transition 4 T 2 → 6 A 1 of Mn 2+ ions in analogy to the case of MnO. 37, 38 Figure 4͑c͒ shows the photoluminsecence excitation ͑PLE͒ spectrum of the highest doped sample HMnCP3 recorded by fixing the emission at 482 nm, which gives the maximum PLE intensity at the energy 3.51 eV ͑353 nm͒. The PLE result collected by monitoring the Mn 2+ 4 T 2 → 6 A 1 transition also indicate, that energy transfer from the photoexcited Cu 2 O nanocrystals to the Mn 2+ gives rise to the blue emission. 20, 39 The UV-visible absorption spectrum of sample HMnCP3 shown in the Fig. 4͑d͒ , gives a weak broad peak at 632 nm ͑1.96 eV͒ along with four absorption bands at about 280, 293, 334, and 352 nm. The four peaks at higher energy side may be due to the absorptions of Cu 2 O nanocrystals whereas the peak at the lower energy may be attributed to the band gap transition of CuO, present at the surface of the Cu 2 O nanocrystals, supported by the XPS studies. 16 If Mn 2+ is incorporated in the CuO rather than Cu 2 O, then the emission related to the Mn 2+ 4 T 2 → 6 A 1 transition is not possible to observe, since the energy band of CuO associated to the absorption of 1.96 eV lies below the Mn 4 T 2 level. 40 Thus from the optical and XPS studies, it may be concluded that the Cu + ion is substituted by the Mn 2+ ion in the Cu 2 O lattice.
To explain the effects of the particle size and doping on the relaxations between the different energy states of the Cu 2 O nanoparticles, the life times of the all undoped and doped samples were measured by utilizing the TCSPC. Figure 5͑a͒ shows the PL decays of the undoped samples CP1-CP3. The fluorescence decays of all the nanoparticles have triexponential ͑n =3͒ functions as defined in Eq. ͑1͒. The values of goodness of fit parameter, 2 near unity as shown in Table II indicate a good fit to experimental data. The best fitted parameters ␣ i and i are shown in Table II . The estimated life times vary from nanoseconds to picoseconds. The average decay time ͗͘ calculated using Eq. ͑2͒ increases continuously with decreasing size of the nanoparticles as shown in Table II . Figure 5͑b͒ shows the PL decays of the doped samples. From Table II it is noted that the average life times of the Cu 2 O nanoparticles decreases continuously with increasing doping concentration.
The decay dynamics and the sources of the different PL emissions of the nanoparticles can be understood from the electronic energy band structure of Cu 2 O. Recently, Önsten et al. 41 showed that the VB structure of Cu 2 O has Cu 3d, hybridized Cu 3d-4s and O 2p character from angle resolved photoelectron spectroscopy. The CB are derived from hybridized Cu 3d-4s and O 2p states. 42, 43 Band structure calculations based on local density approximation including on site Coulomb and self interaction corrections indicate that the VB and CB structures are consistent with experiments. Figure 6͑a͒ shows the schematic diagram of angular momentum decomposed energy bands of the bulk Cu 2 O. Transitions from the top of VB to the bottom of CB ͑3d → 4s͒ are forbidden according to selection rules. Theoretically it was predicted that transition probabilities from many bands below the top of VB to CB are negligible. 44, 45 Valence Cu 3d band width is about 2 eV and CBs 3d-4s are almost 2.17 eV above VB. 340 nm ͑3.65 eV͒ pulses may excite electrons from the Cu 3d band of VB to O 2p of CB since the transitions from Cu 3d of VB→ Cu 3d-4s of CB and Cu 3d-4s of VB→ Cu 3d-4s of CB are parity forbidden. Quantum confinement of electrons in the nanoparticles gives rise to the splitting of energy levels with respect to bulk. 8, 46, 47 Thus the relaxations of the electrons occur from the different subenergy levels of O 2p band to Cu 3d band, which give rise one violet and two blue emissions. ͑Fig. 6͒ The slowest component 2 may be due to the violet emission and other two components 1 and 3 may be due to the two blue emissions. The fractional contribution ͑%f 3 ͒ of the fast component 3 decreases and the contributions ͑%f 2 and %f 1 ͒ of the slow components 2 and 1 increase with decreasing particle size ͑Table II͒, indicates that the splitting of the energy bands due to the quantum confinement is more prominent with decreasing particle size. Moreover it is well known that the electronic states are Fig. 6͑b͒ . The maximum portion of the photogenerated electrons in the O 2p level may relax nonradiatively to the Mn 4 T 2 level and then relax radiatively to the Mn 6 A 1 level lying near VB of Cu 2 O. These successive transitions give rise to prominent emission peak near 2.57 eV. Thus the contribution ͑%f 3 ͒ of the fast component of decay 3 related to the emission around 2.57 eV increases compared to the contributions ͑%f 2 and %f 1 ͒ of other two 2 and 1 with doping ͑Table II͒ and ultimately the quenching of the two slow components occurs with Mn doping concentration of 2.6% of the sample HMnCP3. It is considered that the shortened decay time of the Mn doped Cu 2 O nanoparticles originates from the effective energy transfer process from O 2p to Mn 3d levels. 18 Moreover the quenching of these two emissions of the Cu 2 O nanoparticles may occur due to the strain induced defects increasing with doping. 50 Thus it may be concluded that small percentage of Mn doping might quenched the multiple emissions of the Cu 2 O nanoparticles and only blue light emits from the nanoparticles.
IV. CONCLUSIONS
The Cu 2 O nanoparticles having crystallite diameters ϳ8 -16 nm were obtained by a simple solvothermal method using dextrose as the reducing agent. The effects of the variations of size and Mn doping on the photophysical properties of the nanoparticles were studied. The XPS studies clearly showed that the Mn was incorporated into the Cu 2 O lattice as Mn 2+ . The Luminescence studies revealed the quantum confinement effect in the nanoparticles. The incorporation of the Mn in the Cu 2 O nanoparticles having average crystallite diameter ϳ8 nm quenched the multiple emissions of the Cu 2 O nanoparticles and favored only blue light emitted from the nanoparticles. Thus it may be concluded that the introduction of the small percentage of Mn may tune the emission of the Cu 2 O nanoparticles.
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